In marine species, high dispersal is often associated with only mild genetic differentiation over large spatial scales. Despite this generalization, there are numerous reasons for the accumulation of genetic differences between large, semi-isolated marine populations. A suite of well-known evolutionary mechanisms can operate within and between populations to result in genetic divergence, and these mechanisms may well be augmented by newly discovered genetic processes.
INTRODUCTION
The formation of species has long represented one of the most central, yet also one of the most elusive, subjects in evolutionary biology. Darwin (28) sought out the mechanisms and implications of natural selection in order to explain the origins of species. Later, both Dobzhansky (29) and Mayr (88) would speciation as a pivot around which to spin their divergent yet complementary views of the evolutionary process. They called their works Genetics and the Origin of Species and Systematics and the Origin of Species, perhaps to emphasize that they were using genetics and systematics primarily to advance understanding of the speciation process (45) .
As a result of these efforts, and the series of papers that developed and used the new synthesis, a basic model of speciation arose. Now termed allopatric speciation, the basic scenario is familiar to virtually all evolutionary biologists: A large, continuous population is broken up into smaller units by extrinsic barriers; genetic exchange between these separated populations ceases, and genetic divergence takes place between them; the build-up of genetic differences leads to intrinsic barriers to reproduction. If the separated populations (now separate species) reconnect with one another through the breakdown the original extrinsic barriers, they will remain reproductively isolated and selection for increased reproductive isolation may occur (30) .
Much of the early evidence for this process was based on discovery of species groups at the range of stages predicted by the above scenario (88). Some species have broad distributions, often with local variants. Other species are easily divided into allopatric subspecies whose taxonomic rank is debated. In other ca:~es, two similar but slightly different species inhabit the same region, yet are distinguished by mating preferences or habitat differences that limit hybridization between them.
Even though Mayr (89) could identify this series in marine species, there have been relatively few attempts to examine patterns and processes of speciation in n~tarine habitats. This is unfortunate because marine species often represent a serious challenge to the idea of allopatric speciation, especially in marine taxa with high fecundity and larvae that can disperse long distances. These life history traits result in species that have large geographic ranges, high population sizes, and high rates of gene flow between distant localities.
Such attributes might be expected to limit the division of a species' range into allopatric populations. Few absolute barriers to gene flow exist in oceans, and as a result, even widely separated regions may be connected genetically. Furthermore, marine populations tend to be large, which can slow genetic divergence between populations. Population genetics has shown that many Annual Reviews www.annualreviews.org/aronline species with these life history traits have little genetic population structure and appear to act as large, panmictic units (101) . For these species, allopatric speciation events may be infrequent and slow (89).
Yet, speciation in these taxa is common enough that marine species with these life history traits dominate important marine groups like echinoderms (33) and fish (17, 58) . Furthermore, some types of marine habitats like coral reefs and the soft sediments of the deep sea have a huge number of species (46, 47, 74, 113, 149) , some of which appear to be closely related (71, 101) . Thus, the generalization that speciation must be rare in marine taxa with high dispersal appears to be incorrect.
In fact, a number of factors affect the chance of speciation through allopatric mechanisms in the sea. Like most useful generalizations, the process of allopatric speciation as described above includes a wide range of exceptions. What mechanisms are there that might enhance population subdivision and promote genetic divergence in species with high dispersal? How does reproductive isolation evolve in recently diverged species? What aspects of marine speciation have attracted the most research, and where are the future opportunities? To answer some of these questions (at least partly), and to arrange these topics in a manageable way, I have separated them into (i) opportunities for population subdivision, (ii) mechanisms of genetic differentiation, and (iii) reproductive isolation in closely related species. Together, these sections highlight the success of research into marine speciation, but they point out the existence of a major gap in our understanding.
OPPORTUNITIES FOR POPULATION SUBDIVISION
Population genetic studies of marine species have shown that, especially along continental margins, high dispersal potential is often associated with only mild genetic differentiation over large scales (101) . These results suggest high levels of gene flow between populations, but there may often be limits to the actual dispersal of marine species with high dispersal potential (122) . These limits vary widely with species, habitat, local ocean conditions, and recent history, and they may create ample opportunity for genetic divergence. Although such limits may seldom create absolute barriers to gene flow, they may often limit gene flow in some directions or at some times. Thus, partially isolated populations may occur quite commonly in marine systems. Throughout this section, the main focus is on mechanisms by which marine species with high dispersal may become at least partially isolated. The goal is to summarize ways in which these populations can diverge genetically despite their potential for gene exchange. Species with low dispersal often show interesting and unexpected biogeographic patterns (e.g. 63) or remarkable levels of genetic distinction over mere meters (138a) , but in general it is no mystery how genetic barriers in low dispersal species arise (49) . Annual Reviews www.annualreviews.org/aronline
Invisible Barriers
Even if larvae were simply passive planktonic particles, drifting helplessly in ocean currents (5, but see next section), gene flow across the world's oceans would be neither continuous nor random. The physics of a liquid ocean on a spinning globe, heated differentially at the poles and the equator, will always provide complex oceanic circulation (124) . Today, these patterns include a prevailing westward-flowing equatorial current and two large circulation centers in the northern and southern hemispheres in both the Pacific and Atlantic Oceans. Schopf (124) suggested that these basic patterns also occurred in the past, and that biogeographic boundaries--the defining limits of biogeographic provinces--are typically set by these physical forces (see also 61, 133) . If most planktonic dispersal follows these currents, then movement from one circulation center to the others might be infrequent. Data on the distribution and abundance of fish (60) , planktonic copepods (90), and other zooplankton (87) show 'that even the open ocean is a fragmented habitat. Across a large geographic scale, species composition of planktonic communities may be determined by currents such as gyres and mesoscale eddies (122) . Although few data e):ist on the influence of these currents on species formation, gene flow across the oceans is probably constrained and directed by such circulation patterns.
Smaller geographic features also influence oceanic circulation, and probably gene flow as well. On the east coast of North America, Cape Hatteras and Cape Cod define biogeographic boundaries set by near-shore currents and a steep temperature gradient (124) . Along this coast, genetic variation seems be over a :far shorter geographic scale than those predicted by gene flow estimates b,ased on larval biology and current patterns (1, 11, 108, 120) . Similarly, on the west coast of North America, Point Conception is a focus for the range endpoints of many species (61, 143) . The Indonesian Archipelago is also a biogeographic indicator, separating Indian Ocean from Malayan provinces (124, 143) . Several studies have shown that this complex of islands represents a barrier to gene flow within species (8) as well as separating closely related species (91).
A different type of pattern has been seen in the central Pacific (67) . Here, the fish and gastropods of the islands of the Pacific tectonic plate are sometimes very different from those of archipelagoes on other plates: across a tectonic boundary, archipelagoes sometimes have very different faunas. Springer (131) suggested that the fish species tend to remain on archipelagoes of a particular plate, despi~:e the potential for dispersal across plate boundaries (123) , and that "plate effects" have built up over a long time (see also 66). The generality this pattern is not dear, however, and further research is warranted.
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Isolation by Distance
Oceanic currents are sometimes able to carry larvae far from their parents (121) (122) (123) . For example, populations of spiny lobsters in Bermuda seem to dependent on long distance larval transport along the Gulf Stream (52) . However, there may be a limit to gene flow even in species with larvae that can disperse long distances (144, 145) . Although long-lived larvae may drift for many months (114, 121) , successful transport over long distances may be rare (62) . Larvae that disperse over long distances may have a greater chance wafting into unfavorable environments than do larvae that disperse short distances. This is coupled with a diffusion effect: The density of larvae thins with increasing distance from the center of larval production so that settlement events per available area decline with distance from the source of propagules. Lecithotrophic larvae can also be constrained by energy supply; long periods in the plankton consume energy stores, leaving little metabolic reserve for metamorphosis (114; planktotrophic larvae may not always have these limits-95).
Geographic patterns of genetic variation of marine fish and invertebrates suggest that isolation by distance occurs, but only over the largest geographic scales. Isolated islands in the Pacific Ocean, like the Hawaiian and Society Islands, appear to harbor populations with reduced genetic variation (98, 103, 150) . These reductions are probably due to two physical factors. First, these islands are a long distance from neighboring archipelagoes. Second, equatorial currents flow westward toward the center of the Indo-West Pacific, and so both Hawaii and the Society Islands are "upstream" from the rest of the lndo-West Pacific. When the equatorial current breaks down, or when large water masses move from west to east across the Pacific during E1 Nifio years (153), this dispersal barrier may disappear (115) .
Isolation by distance effects may be weakest in species that inhabit continental margins, where extreme populations are connected through intermediate, stepping-stone populations. We have found that Atlantic and Pacific populations of the sea urchins Strongylocentrotus droebaeheinsis and S. pallidus can be very similar genetically (102, 104) . This pattern can change for populations on different sides of an ocean basin where no intermediate populations exist. For example, littorinid snails with planktotrophic larvae have little genetic divergence along the east coast of North America but are very divergent on opposite sides of the Atlantic (9, 10).
Behavioral Limits to Dispersal
The physical barriers discussed above can play an important role in limiting gene flow and creating genetic strneture within oceanic populations even if larvae are passive planktonic particles. However, additional aspects of marine Annual Reviews www.annualreviews.org/aronline life histories can lead to limited genetic dispersal. Burton &Feldman (19) showed that genetic differences in marine organisms can occur on a geographic scale that i,,~ much less than that predicted by their dispersal potential. For some species, dispersal occurs at a stage during which the individual can control its movement,,;. For example, fresh water eels spawn in marine habitats, and their larvae migrate from spawning grounds to continental river mouths (2). American and European populations of eels both breed in the Sargasso Sea, but adult populations are genetically distinct (2). This suggests that these larval fish can control the direction of their migration from the joint breeding ground to the rivers inhabited by adults. Larger marine animals, like turtles and whales, have long been known to be capable of this type of migration, and genetic structure in these species is on a geographic scale far smaller than their potential range of movement (4, 14).
However, small larvae and adults may also have some control over their dispersal. Burton & Feldman (19) showed that the intertidal copepod Tigriopus californicus showed strong genetic differences over just a few kilometers of coastline. One explanation for this pattern is that juveniles and adults may have behavioral adaptations that prevent their being swept off the rocky outcrops that they inhabit. Such behavioral nuances are known for the amphipod Gammaru.~' zaddachi, which migrates in and out of estuaries by rising into the water only during those seasonal tidal currents that will take individuals seaward in winter and upstream in the spring (57) . Crustacean larvae are known to regulate their depth in a complex way that may allow retention in estuaries (27) or return them to coastal habitats after initial transport offshore (107) . Few, if an)', genetic differences have been attributed to these larval behavioral abilities (100, but see 92), but only a small number of species have been examined.
Selection,
As shown by several well-known studies in marine systems, gene flow may be curtailed by selection as well as by limited dispersal. In the mussel Mytilus edulis, estuarine habitats of Long Island Sound are colonized regularly by migrants flTom oceanic, coastal zones. However, strong selection at a leucine amino-peptidase locus alters gene frequencies of settlers in the Sound, creating a strong genetic clinc (53, 75) . In the salt marsh killifish, Fundulus heteroclitus, selection at one of the lactate dehydrogenase (LDH) loci appears to create strong cline in gene frequencies along the steep temperature gradient of the east coast of North America (reviewed in 108). Temperature and allozyme properties combine in these fish to create differences in development rate, swimming endurance, oxygen transport, and patterns of gene expression (108) . A cline in mitochondrial haplotypes also parallels the LDH cline, and these concordant patterns suggest a dual role for phylogenetic history and natural Annual Reviews www.annualreviews.org/aronline selection in the divergence of southern and northern populations of this fish (11) .
Recent History
One of the most surprising marine genetic patterns was discovered in the widespread oyster Crassostrea virginica. Despite a larval dispersal stage in this species that lasts for several weeks, Reeb & Avise (111) demonstrated strong genetic break midway along the east coast of Florida. Populations north and south of this break differed in mitochondrial DNA sequences by about 3% despite the lack of an obvious barrier to genetic exchange. Populations spanning this break have broadly similar patterns of allozyme variation, a result that had been interpreted as evidence for widespread gene flow (18) . Karl Avise (65) showed that patterns of nuclear DNA differentiation match the mtDNA patterns, not the allozyme patterns, and they suggested that balancing selection is responsible for the allozyme similarities. Reeb & Avise invoked history to explain these varied genetic patterns: populations of estuarine species like C. virginica may have been isolated during periods of low sea level in the Pleistocene when large coastal estuaries drained. Thus, the genetic pattern we see today may be far from equilibrium, and it reflects neither contemporary genetic exchange nor the larval dispersal potential of this species.
Unique historical events may have been instrumental in the speciation of stone crabs in the Gulf of Mexico. Western and eastern Gulf populations of Menippe mercenaria were probably separated during periods of low sea level during the Pliocene or Pleistocene. Today, two species exist allopatrically in the southeastern United States (12) . There is a broad hybrid zone where these species meet in the Gulf of Mexico (13), but there also appears to be a second region where allozyme frequencies are intermediate between species. This second region is on the Atlantic coast of Florida, close to the mouth of the Sewanee Strait, a temporary seaway that connected the Gulf and the Atlantic during periods of high sea level in the Miocene and Pliocene (12) . A combination of genetic and geological data suggests that the brief existence of this seaway injected genes from the western Gulf species deep into the range of the eastern Gulf/Atlantic species. Although this injection occurred long ago, the genetic signature of the event persists despite the potential for long distance gene flow in this species (12, 13) .
The tropical Pacific ocean has been a backdrop for a great deal of faunistic change in the Pleistocene. Although sea surface temperatures probably did not change much during glacial cycles (24), sea levels changed repeatedly by to 150 m (105). During sea level regressions, shallow back reefs and lagoons dried out. Higher sea level may have drowned some fringing reefs. Associated with these changes have been many local extinctions and recolonizations by the marine fauna of isolated reefs (48, 76, 105) . For example, the cone snail Annual Reviews www.annualreviews.org/aronline Conus ka~dko is found commonly in the fossil record of Hawaii until about 100,000 years ago, when it disappeared and was replaced by the morphologically similar Conus chaldaeus (76) .
Recent evidence from two species groups suggests that the Pleistocene may have been a period of rapid speciation. Sibling species of Echinometra sea urchins arose and spread throughout the Pacific over the past 0.5-2 million years (1031). Likewise, sibling species of butterfly fish in at least two subgenera of Chaetodon differentiated from their Indian Ocean counterparts during the past million or so years (91). In the latter case, concordant patterns of species differentiation based on molecular phylogenies strongly suggest that divergence was affected by extrinsic factors such as dispersal barriers during sea level fluctuations (91).
Some t~txa have probably been affected more strongly than others by the flush-fill cycle in the Pacific. Soft-sediment (e.g. lagoon-inhabiting) bivalves have low species richness on isolated archipelagoes where such habitats were severely reduced by low sea level. This may explain a previously uncovered but poorly understood pattern of lower bivalve endemicity on isolated islands (66) .
Cronin & Ikeya (27a) regard cycles of local extinction followed by recolonization as opportunities for speciation. Their analysis of arctic and temperate ostracods :suggests that these opportunities only seldom result in new species. However, there have been a large number of opportunities for speciation during the past 2.5 million years, and as a result, speciation has occurred in 15% to 30% of ostracods during this time period.
MECH,~,NISMS OF GENETIC DIFFERENTIATION
Genetic Differentiation in Large Populations
The types of genetic changes that occur during speciation have fueled debate for many years. A great deal of attention has been focused on small populations derived by colonization of a novel habitat. These founder events (88) can lead to rapid genetic changes that have been described as genetic revolutions (21, 22) or genetic transiliences (138) . Such changes are thought to alter substantially the genetic architecture of a population, allowing rapid accumulation of a large number of genetic differences that can then lead to reproductive isolation. In addition to these genomic reconstructions, normal genetic variants may accumulate more quickly in small than large populations. Under several reasonable models of molecular evolution, most mutations are slightly deleterious. Kimura (69) showed that this type of mutation could drift in a small population as if it were neutral, rising to fixation with about the same probability as a Annual Reviews www.annualreviews.org/aronline strictly neutral change. By contrast, in large populations, in which drift is minor, even slightly deleterious mutations will be eliminated by natural selection. Kimura's analysis shows that as population size decreases, the fraction of "nearly neutral" mutations increases. The result is that the overall rate of molecular evolution may increase for small populations as compared to large populations.
It is unlikely that evolutionary models that rely on very small population sizes will explain a large fraction of speciation events among marine organisms with the potential for long-distance dispersal. This is because populations that become allopatrically or parapatrically separated from one another (by some of the mechanisms reviewed above) are likely to be large in extent and in population size. Furthermore, multiple invasions of a new habitat (like an island) are much more likely for marine organisms with long distance dispersal than for gravid female flies, birds, lizards, etc. As a result, the genetic differentiation of allopatric marine populations has been thought to be a slow process, requiring many millions of years to accomplish (89, 117, 131) .
Although many efforts have been made to identify and explain major genetic changes during founder events (see 22 for review), other workers have argued that the well-known genetic processes of mutation and selection may be the most powerful forces creating reproductive isolation (5, 6). When selection acts, gene frequencies can shift quickly, even in large populations. Thus, a shifting selective regime can generate large genetic differences very quickly, even between large populations that are not completely isolated. Given the extensive geographic ranges of many marine species, it is not difficult to imagine environmental gradients that impose differential selection in different areas (108) . In fact, these types of environmental gradients have produced some of the best-known examples of selection acting on individual allozyme loci (see above). Thus, speciation can result from the shifting adaptive landscape envisioned by Barton & Charlesworth (7), as populations throughout extensive geographic range adjust to local selective pressures.
Newly Discovered Mechanisms of Genetic Divergence
Our view of the acrobatics of the genome during divergence has changed substantially since the allopatric model was proposed. Molecular tools have revealed a host of evolutionary mechanisms that might contribute to the divergence of genomes in large and small populations. These mechanisms may act along with selection in large populations to promote genetic differentiation of semi-isolated marine populations.
Transposable elements exist in the genomes of virtually all taxa (36, 51), including marine groups like sea urchins (130) . Transposons are short stretches of DNA capable of directing their own replication and insertion through either a DNA or an RNA intermediate. They disrupt genome function by inserting Annual Reviews www.annualreviews.org/aronline into otherwise functional genes and can greatly increase mutation rate (136) . Yet, although they may reduce fitness, transposable elements can spread rapidly through even a large population (42) . For instance, natural populations Drosophila: melanogaster throughout the world may have been invaded by transposable "P" elements within a period of 20-30 years (118).
Rose & Doolittle (116) suggested that invasion of allopatrie populations different transposable elements may greatly reduce the fitness of hybrids between populations. This is because the mechanisms that limit the copy number of a particular transposable element in a genome may disappear in hybrids (34-), allowing rampant transposition and an increase in mutation rate. Rose & D,oolittle could not find an obvious case of species formation by invasion of transposons, but the clear demonstration of hybrid dysgenesis in Drosophila shows how the basic mechanism can operate (68, 118) .
One of tlhe hallmarks of transposable elements is that they exist in multiple copies throughout the genome. Other gene regions, however, also occur as multiple copies. Even though they do not transpose, they often show extraordinary evolutionary dynamics. For example, the nuclear ribosomal genes are typically found in a long tandem array containing hundreds of copies of this gene cluster (reviewed in 54). Although ribosomal genes tend to be variable between species, the multiple gene clusters within the array tend to be identical to one another. If simple mutation and Mendelian inheritance were the only genetic processes occurring in these clusters, we would expect to find a great deal of variation between gene clusters on a chromosome, perhaps even more than we find between species. However, in general, the tandem clusters of ribosomal genes are remarkably similar.
The process that homogenizes multiple copies of a DNA segment within a population has been called concerted evolution and has been documented for a number ,of multi-gene families (55) . Two mechanisms operate during concerted evolution. Unequal crossing-over changes the number of tandem DNA segments on two homologous chromosomes. Through stochastic processes, this gain and loss of segments will result in extinction of some segments and eventual fixation of one type (31). Hillis et al (55) also showed that biased gene conw~rsion operated in tandem arrays of ribosomal gene clusters. In gene conversion, sequences on one chromosome are used to change the sequence of homologous regions of the second chromosome. Biased gene conversion is the preferential replacement of one type of sequence with another. Dover (31, 32) has pointed out that this mechanism could result in the rapid sweep of particular sequence through a large population. Termed molecular drive, this rapid shift in the properties of a genome could play a role in rapid genetic divergence of large populations during speciation (31). Shapiro (126) lists suite of genetic mechanisms that might contribute to the reorganization of whole genomes during evolution. Annual Reviews www.annualreviews.org/aronline None of these mechanisms (gene conversion, concerted evolution, molecular drive, hybrid dysgenesis, etc) has been strongly implicated in particular speciation events (116) , and it has been argued that such mechanisms are unnecessary to explain most cases of speciation (6, 7). Yet, modem genetic research continues to uncover mechanisms, like these, that can substantially remold genomes. Furthermore, some of these changes can spread through populations in a nonmendelian way. As a result, the genetic divergence of populations through mutation, selection, and drift can perhaps be augmented by other types of genetic change. For our purposes, it is enough to point out that these mechanisms operate well in large populations, and that there are a plethora of possible mechanisms for generating large genomic differences in relatively short periods of time.
REPRODUCTIVE ISOLATION IN CLOSELY RELATED SPECIES
The formation of species requires the evolution of reproductive isolation (7, 25, 71, 88). If allopatric populations are brought back together, and no barrier to reproduction exists, then whatever genetic differences had accumulated between isolates will be shared throughout the rejoined population. As a result, understanding marine speciation requires an understanding of reproductive isolation between species. The most illuminating examples are likely to be those in which the isolating mechanisms act between two recently derived species. In these cases we are more likely to be examining changes that occurred during speciation (although it is usually impossible to prove this in any given case).
Mechanisms of Reproductive Isolation
In general, reproductive barriers are classified into pre-zygotic and post-zygotic categories (25) . For marine species, post-zygotic isolation is seldom studied because of the difficulty of raising offspring through complex life cycles and through long generation times. However, pre-zygotic mechanisms of reproductive isolation are well studied and fall into several broad types.
MATE PREFERENCE In terrestrial taxa, mate preferences are known to vary between closely related species (e.g. 30) , and this form of reproductive isolation is receiving more attention in marine systems. Snell & Hawkinson (128) found mating preferences among sympatric and allopatric populations of the estuarine rotifer Branchionus plicatilis, possibly because of species-specific reaction to a diffusable mating signal (41) . Male fiddler crabs (genus Uca) engage in claboratc courtship displays in which the single large claw is waved and rapped on the substrate. Although morphological differences between species are often slight, the waving and rapping components of courtship often Annual Reviews www.annualreviews.org/aronline differ significantly (119) . Other crustaceans such as stomatopods (110) , phipods (132) , and isopods (129) also have complex behavioral mechanisms or chemical detection abilities that may isolate sibling species. The behavioral component of assoItative mating is the most important in maintaining isolation among several sympatric species of the isopod genus Jaera (129). These differences, probably arose during the Pleistocene diversification of this genus (129) .
The large claw of alpheid shrimp is used in aggression between males or between females of the same species or between males and females of different species. Species separated by the Isthmus of Panama have quickly become reproductively isolated: Male-female pairs from different species are behaviorally incompatible (73) . Although these pairs have been allopatrically separated by a land-barrier, there are also sympatric shrimp species that appear to be behavic,rally isolated in very similar ways. Thus, the mechanism of reproductive isolation so clearly seen across the Isthmus of Panama appears to operate within ocean basins as well.
Weinberg et al (147) showed that this type of behavioral change could detected on a very small geographic scale. In the polychaete genus Nereis, males and females react territorially to members of the same sex but form mated pairs after intersexual encounters. Populations of N. acurninata from the Atlantic and Pacific coasts of North America showed strong aggression toward each other when a male and female from opposite coasts were paired (147) . Surprisingly, east coast populations separated by only 110 km also showed a significant degree of aggression. The common infaunal polychaete Capitella is composed of several cryptic species that ar, e reproductively isolated even when. they occur sympatrically (46) . Fish can also show strong behavioral control over mate choice. In the tropical genus Hypoplectrus (the hamlets), sibling species are defined on the basis color pattern differences: Few ecological or morphological distinctions can be found among sympatric species (35). Field observations show that spawning almost exclusively (-95 %) between individuals of the same color pattern (35). Work within other species has also shown that females can distinguish males on the basis of their color pattern and that they choose mates using species-specific rules (146) . This degree of color discrimination is not always observed, however. Among butterfly fish of the genus Chaetodon, sibling species are distinguished by discrete color pattern differences. However, mating occurs randomly between species alc,ng a narrow hybrid zone in the Indo-West Pacific (91). In this genus, sibling species are largely allopatric as opposed to the largely sympatric distribution of behaviorally isolated hamlets (35).
HABITAT SPECIALIZATION Reproductive isolation can also be associated with habitat specialization. Recently diverged Baltic Sea species of the amphipod Annual Reviews www.annualreviews.org/aronline Gammarus have developed marked differences in salinity tolerance that prevent their hybridization (77) . A group of hydroid species that inhabits the shells used by hermit crabs shows strict habitat specialization: Different hydroid species use the shells of different hermit crab species (20). Coral species the genus Montastrea appear to segregate on the basis of depth and light levels (72, 74) . Knowlton & Jackson (72) discuss other examples from coral reefs niche use differentiation among sibling species (see also 71). Species of the isopod Jaera (129) show slight habitat segregation, but this mechanism isolation is thought to be less important than the behavioral isolation discussed above.
SPAWNING SYNCHRONY Many marine species spawn eggs and sperm into the water column or lay demersal eggs that are fertilized externally. For sedentary invertebrates, fertilization success is a strong function of proximity to another spawning individual (84, 106). As a result, selection for spawning synchrony may occur in these species, and closely related species can be isolated by changes in the timing of spawning. Among three sympatric sea cucumber species in the genus Holothuria on the Great Barrier Reef, two show strong, seasonal patterns of spawning (50) . In the tropical Pacific, the sea urchin Diadema savignyi spawns at full moon. A broadly sympatric species, D. setosum, spawns at full moon in some localities but at new moon in others. Where spawning overlaps, hybrids between the two species are common (JS Pearse, personal communication). Species in this genus separated by the rise of the Isthmus of Panama have also diverged in spawning time (81, 82). Examples of sympatric species that show differences in the timing of spawning come from hermit crabs (112) , bivalves (15, 109) , sponges (63a), coral fish (39) , and gastropods (140) . Knowlton (71) lists 26 examples of spawning asynchrony in cryptic or sibling marine species. However, differences in the timing of spawning are not ubiquitous among sympatric marine species (3, 50, 71). Hundreds of coral species spawn together on the Great Barrier Reef during a few nights in the summer (3). In temperate habitats, numerous species spawn in the spring, sometimes during mass spawning events (106) , perhaps because spawning time is constrained by seasonal availability of planktonic food (56) . As a result, other mechanisms of reproductive isolation probably exist to limit cross-fertilization among gametes of different species spawned at the same time.
FERTILIZATION Fertilization is easily studied in many marine species, and a great deal has been discovered about fertilization mechanisms in these taxa. By contrast, there are relatively few studies of fertilization patterns between closely related species. Nevertheless, the data available suggest a number of generalizations. Annual Reviews www.annualreviews.org/aronline Some species pairs fertilize readily in the laboratory when their gametes are mixed together. The sea stars Asterias forbesi and A. vulgaris occur over a narrow sympatric zone along the northeast coast of North America. There is only slight differentiation in spawning season for these species, and sperm and eggs of bol:h species can cross-hybridize (125) . Sea urchins in several genera can also cross with one another (but see below) (83, 103, 134, 135) . Certain kelp species distributed in the north and south Atlantic can cross-fertilize (although normal offspring are not always produced--139).
Complete fertilization in hybrid crosses is not the most common result, however. Instead, species that can cross-fertilize often do so incompletely or unidirectionally. That is, the eggs of one species will be receptive to the sperm from the second, but the reverse crosses fail (83, 135, 141 ). Of the three "successful" crosses performed by Buss & Yund (20) between species in the hydroid genus Hydractinia, two showed asymmetric success. Rotifer mating preference:~ show the same pattern (128) . These patterns are remarkably similar to the mate choice asymmetries in insects discussed by Coyne & Orr (26) . interesting but unanswered question is why such similar patterns emerge from biological mechanisms as different as marine fertilization and insect mate choice.
In some taxa, certain species' eggs tend to be "choosier" than others. For example, eggs of the sea urchin Strongylocentrotus droebachiensis can be cross-fertilized to a greater degree (134) than the eggs of congeners (they are also rnore easily fertilized at low concentrations of conspecific sperm; see 84). Eggs of the sea urchin Colobocentrotus atratus, which occurs only in intertidal areas with high wave action, also show high cross-fertilizability (16) . Again there is an analogy to the literature on mate choice in insects. Species differ in the receptivity of females to heterospecific males. Changes in this receptivity have been hypothesized to be important to rapid species formation (64) .
In a few known cases, fertilization barriers are reciprocal and strong. Buss & Yund (2.0) recorded 6 out of 9 crosses between hydroid species that resulted in less than 5% developing eggs, although in this case it has not been conclusively shown that fertilization failure (as opposed to developmental failure) was the cause of these patterns. Sibling species of the serpulid polychaete Spirobranchus show strong reciprocal fertilization barriers (86), producing about 5% ,developing eggs in interspecific crosses. Crosses between four species of abalone showed low fertilization unless sperm concentrations were 100 times nor~nal. Even under these conditions, only 10-30% of the eggs were fertilized (on average), except in one cross (and in only one direction) which produced '96% fertilization (80). Among Hawaiian sea urchins in the genus Echinome~rra, we have shown that there are strong reciprocal barriers to fertilization (93, 103) . This result has been observed for the two species in this Annual Reviews www.annualreviews.org/aronline genus on Guam (93) , although the species complexes on Okinawa and in the Caribbean show some cases of asymmetric gamete compatibility (83, 141).
Selection for Reproductive Isolation ?
A classic problem in speciation research is distinguishing those changes that occur during speciation from those that occur afterwards as a result of reproductive isolation. For example, do mate choice differences arise by random drift between partially or completely isolated populations? Or is there selection for reduced mating between species that are already developmentally incompatible because of evolutionary changes at other loci (88)? Work species separated by the Isthmus of Panama has shown that reproductive isolation at the fertilization (83) and mate recognition levels (73) can arise without contact between newly formed species. These changes, especially incomplete, asymmetric barriers to fertilization, are probably due to random drift of these characters in isolated populations (83). They cannot be due selection for reproductive isolation because these species have been geographically isolated since their initial separation in the Pliocene (82). Interestingly, the patterns of mate recognition and fertilization failure seen across Panama are also seen between sympatric species in the Caribbean, the eastern Pacific, and the tropical Pacific (73, 83, 103, 141) . This suggests that reproductive divergence without reinforcing selection has occurred in at least some of these cases, or that the signatures of selection and random divergence are remarkably similar.
Some of the strongest evidence for the operation of selection in reducing hybridization comes from comparison of allopatric and sympatric species in the same species group (26) , but this type of evidence is rare in marine taxa. Snell & Hawkinson (128) showed that sympatric populations of Brachionis rotifers had stronger mating discrimination than did allopatric populations; this is consistent with the idea of selective reinforcement of reproductive barriers. Isopod species exhibit a slight pattern in this direction--the average hybridization rate for females from sympatric populations is roughly half that of allopatric species--but males show no geographic effects (Ref. 129, Table 1 ). Sympatric species of alphaeid shrimp are more different morphologically than are allopatric species with the same degree of genetic divergence (N Knowlton, personal communication), suggesting that selection is acting differently in sympatric vs allopatric comparisons.
Examples in which an allopatric/sympatric difference is not seen strongly include urchins (83) and butterfly fish (91). In the latter case, species overlapping distributions show less discrimination in mate choice experiments than do species that are allopatric. These divergent results suggest that selection for increased or decreased reproductive isolation may occur in marine systems, Annual Reviews www.annualreviews.org/aronline but it is not ubiquitous, and significant isolation can evolve over reasonably short time periods without it.
GENETICS OF REPRODUCTIVE ISOLATION A MISSING LINK
The preceding pages highlight the large amount of information on mechanisms of genetic divergence of marine populations. Likewise, there have been many studies of ~:.he ways in which recently diverged marine species have become reproductively isolated. But a large gap remains between these two types of information. We know why genetic change might take place, but not how these changes affect reproductive isolation. We know what types of physiological, ecological, or sensory changes give rise to reproductive isolation, but not which genetic changes have produced them. The link between genetics and reproductive isolation is largely missing.
Recently, interest has increased in genetic divergence of particular loci that are strongly involved in reproductive isolation and species recognition (25) . For some ,,;ystems, it has been possible to examine the evolution of proteins that are involved in creating barriers to gene flow. For example, two genes are involved in the control of reproductive season in some insects (137) . Coyne (25) lists other examples in which only a few loci affect reproductive isolation; but even for terrestrial taxa, the list is very short.
Mechanisms of Reproductive Isolation and the Evolution of Recognition
Part of the reason for this lack of understanding is that studies of reproductive isolation are phenomenological: They describe the interactions of individuals within and between species in order to detect the phenomenon of reproductive isolation. This approach is sufficient to understand the nature of species differentiation, but it does not explain the mechanisms of reproductive isolation and leaves open the question of how those mechanisms evolved. Reproductive isolation can involve many different molecular, physiological, or sensory systems (see above for just a few examples), and so it is difficult to generalize from one isolation mechanism to another.
A few aspects of reproductive isolation, however, can be investigated at all levels (molecular, physiological, sensory) and in practically all taxa. One such aspect is recognition, the means by which individuals recognize members of the same species and distinguish them from other individuals in the environment. Most modes of reproductive isolation involve some component of recognition, except for strict allopatry (e.g. the Isthmus of Panama) or strong habitat selection (77) . Surprisingly, very little is known about the recognition process in marine Annual Reviews www.annualreviews.org/aronline species. Some fish are thought to use color patterns as a mating cue (35, 91). Limb vibrations appear to be part of the courtship process in some crustaceans (110, 119, 129) . A diffusable pheromone can induce mating behavior in rotifers (128) . Bioluminescent ostracods may broadcast their identity with patterns bioluminescence (J Morin, personal communication). Sperm attraction to eggs has been documented in a large number of invertebrate taxa (see for example 94a). In none of these systems has the genetics of recognition been determined, in part because of the potentially complex nature of genetic control over some of these recognition processes. Evolutionary studies of recognition that have been performed to date have focused on simple interactions that are amenable to genetic analysis. Examples include the per locus effects on mate signaling in Drosophila (148), the S-allele system that mediates self-incompatibility in plants (23), the mating type loci in protozoa (94) , and loci governing fertilization in marine invertebrates (101, 142) .
Although these studies involve only a few simple examples, they are derived " from a range of taxa. Thus, it is interesting that there are so many similarities at the genetic level. Comparisons of amino acid sequences for proteins involved in gamete or mating type discrimination reveal a general pattern of large differences among species (23, 79, 94, 148) or among alleles within speeies (23, 93). These differences often exceed those predicted on the basis of silent changes in these proteins, and so they appear to reflect the action of some type of selection for variation sensu Hughes-& Nei (59, 23, 79) . The nature of these selective forces is well understood for self-incompatibility in plants, because in these systems there is strong selection for heterozygosity (15 l) . By contrast, the existence of similar selective forces is unclear for marine invertebrates.
An additional problem is that reproductive isolation is unlikely to be caused by large differences at a single genetic locus. Dobzhansky (29) , Mayr (88) , and many other evolutionary biologists have pointed out that if reproductive isolation is caused by a single, large, dominant mutation at a single locus, then the individuals possessing that mutation cannot breed and so have zero fitness. A recessive mutation might drift in a population until it is expressed in many individuals at the same time, but this mechanism is likely to operate well only in small populations. Orr (99) discussed the impact of maternal inheritance this result.
However, recognition loci seldom act alone. In most eases there are both signals and signal receptors, and these are likely to be produced through the action of different loci (self-incompatibility systems of plants and protists are major exceptions in that they involve only a single locus--23, 94). Where recognition occurs because of the interaction of at least two loci, mathematical models have shown how polymorphisms can be maintained within populations (70) and lead to reproductive divergence (78, 152) . In general, polymorphisms Annual Reviews www.annualreviews.org/aronline are maintained if individuals with a particular allele at one locus prefer mates with a particular allele at the other locus. If there are multiple combinations of these ~aatched alleles, they can be stable within populations (152; SR Palumbi, submitted) . This type of model, developed to understand sexual selection, ihas seldom been applied to marine systems. As a result, the application of these results to concrete examples of speciation of marine organisms is lacking.
Howew;r, marine species have provided some of the best mechanistic views of the recognition process. This is because many marine invertebrates spawn eggs and sperm into the water. In these taxa, complex pre-mating behavioral differences are limited to the interactions of short-lived gametes, avoiding the complex behavioral genetics that might dominate reproductive isolation in many vertebrates or arthropods. For species that spawn at the same time (e.g. the hundreds of coral species that mass spawn in the Pacific--3), or for temperate invertebrates that are slaved to strong seasonal reproduction (106) , such gamete interactions may determine levels of hybridization between species, or determine fertilization success within species.
Two gamete recognition systems have received the most attention. In abalone, sperm penetrate the outer chorion layer through the action of a protein called lysiin (142). Although the mechanisms of lysin action are obscure, the protein has been purified and its secondary structure determined (127) . Lysins act efficiently only on the chorion coatings of their own species (142), and fertilization~ between abalone species are low except at high sperm concentration (81)). Amino acid sequences of lysins from several species show high ratios of replacement to silent site changes (79) as discussed above. Furthermore, the areas of high amino acid replacement occur along a part of the protein that appears, from the crystalline structure, to play an important functional role (127) .
The other well-studied system is the fertilization mechanism of sea urchins. In this clztss, a sperm protein called bindin attaches sperm to the vitelline coat of eggs and promotes egg-sperm fusion (37, 44) . Bindin is expressed only sperm where it occurs in a tightly packed vesicle. After the acrosome reaction, bindin coats the outside of the acrosomal process. The mature bindin shows a central area of high amino acid conservation: 95% of the amino acids are conserved between urchins separated by 150-200 million years. By contrast, the flanking regions both show large sequence differences between species (40, 43, 96) A series of detailed experiments has failed to show a simple relationship between bindin sequence and attachment of bindin to the egg receptors. Although small pieces of the bindin protein, synthesized as peptides, can show species specificity (97) , there is no single substitution that alters overall bindinegg interactions (85). Between very closely related sea urchins that show Annual Reviews www.annualreviews.org/aronline gamete incompatibility, we have shown multiple amino acid substitutions, many clustered in a short region of the protein (101), as well as a suite insertion/deletion events. Interestingly, many bindin alleles occur in the species we have studied, and these alleles differ from one another in ways that are qualitatively similar to the differences we have seen between species (high amino acid substitution, plus rampant insertion/deletion events) (E Metz, Palumbi, in preparation). These results suggest that there is a continuum of bindin function and that differences in amino acid sequence accumulate to give rise to more and more differentiated sperm-egg binding properties.
Of course, the egg receptor plays an equally critical role in this process. Recently, the gene for the sea urchin egg receptor has been isolated and sequenced (38) . Although comparative sequence data are not yet available for a large number of species, preliminary results suggest that the extracellular component of the egg receptor is highly variable between species (38) . The ability to analyze both sperm attachment and egg receptor proteins in sea urchins makes this system particularly interesting in the analysis of gamete interactions.
Directions for Future Research
One of the largest gaps in our knowledge about speciation remains the link between genetic divergence and mechanisms of reproductive isolation (25) . Even in systems amenable to formal genetics, like Drosophila, an understanding of the genetics of speciation is only slowly emerging (25) .
Unfortunately, for many species it is not possible to perform the genetic miracles that are commonplace in a Drosophila laboratory. Marine species are especially difficult to raise because of long generation times, complex life cycles, or obscure mating requirements. In terrestrial systems, these limitations are sometimes overcome by using the natural laboratories of hybrid zones to illuminate the genetic nature of species boundaries. Such studies are rare in marine systems (see 12, 91) but may be profitably used in the future.
A complementary approach is suggested by recent successes in understanding the evolutionary genetics of gamete recognition proteins. Here, a physiological process (gamete binding and fusion) was explored with the full power of the modem molecular toolbox, and the genes responsible for the phenomenon were isolated. Without formal genetics, these studies have shown the importance of particular modes of molecular evolution to the evolution of species recognition.
For some marine taxa, this approach is especially appealing because the simple mating dynamics of free-spawning invertebrates eliminates many of the complexities of mate choice in behaviorally complex vertebrates or arthropods. These simple mating cues (e.g. the mating pheromone of rotifers--128 Annual Reviews www.annualreviews.org/aronline or simple, gamete recognition processes--104) allow the possibility of unraveling reproductive isolation at the genetic level.
Perhap,s osmoregulatory differences in amphipods, or chemosensory systems in r,~tifers, or visual pigment differences in fish could be understood in terms of lhe gene products that create the physiological, ecological, or sensory differences responsible for currently recognized patterns of reproductive isolation. Although such research is technically difficult and may not uncover all the genes responsible for reproductive isolation, this approach can serve as a strong alternative to the study of the genetics of reproductive isolation.
CONCLUSIONS
Although examples of genetic homogeneity over large distances are common in marine systems, there are also many examples of population structure in marine species with high dispersal potential. Such species probably do not "see" the ocean as a single, undifferentiated habitat, either because of environment~.l differences among localities or because of a large number of physical mechanisms known to produce at least partial isolation between populations. Genetic divergence within these partially isolated gene pools is probably not as slow as thought originally. Various mechanisms exist to generate genetic differences between large isolated populations. Some of these mechanisms include evolutionary processes that have only recently been recognized, whereas others include fairly standard applications of selection theory. Finally, history has played a strong role in the development of marine biogeographic patterns. Cycles of sea level rise-and-fall during the Pleistocene have affected near-shore marine communities, and these cycles were probably exacerbated by the steepening of latitudinal thermal gradients. As a result, even populations that are well connected today by gene flow may have been isolated in the very recent past.
The link between genetic divergence of populations and reproductive isolation is poorly known for marine (or terrestrial) species. How do genetic changes lead to the physiological, ecological, or sensory differences that define sibling species? How do they create reproductive isolation? What are the mechani.';ms by which species recognition evolves? Studies of gamete recognition show how a focus on the mechanisms of reproductive isolation can lead to the di~,;covery of the genes responsible for species recognition.
This suggests a general approach to speciation research that is based on investigations of the physiological, ecological, and sensory differences that give rise to species recognition and perhaps to reproductive isolation. Such investigations would lead to increased understanding of the underlying genetic mechani.,~ms by which recognition evolves within and between species, and Annual Reviews www.annualreviews.org/aronline they provide important evidence to help fill major gaps in our understanding of speciation. 
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